The soilborne pathogen Ralstonia solanacearum is the causal agent of bacterial wilt, and causes 25 significant crop loss in the Solanaceae family. The pathogen first infects roots, which are a 26 critical source of resistance in tomato (Solanum lycopersicum L.). Roots of both resistant and 27 susceptible plants are colonized by the pathogen, yet rootstocks can provide significant levels of 28 resistance. Currently, mechanisms of this 'root-mediated resistance' remain largely unknown. To 29 identify the molecular basis of this resistance, we analyzed the genome-wide transcriptional 30 response of roots of resistant (Hawaii 7996) and susceptible (West Virginia700) tomatoes at 31 multiple time points after inoculation with R. solanacearum. We found that defense pathways in 32 roots of the resistant Hawaii7996 are activated earlier and more strongly than roots of susceptible 33 West Virginia700. Further, auxin signaling and transport pathways are suppressed in roots of the 34 resistant variety. Functional analysis of an auxin transport mutant in tomato confirmed a role for 35 auxin pathways in bacterial wilt. Together, our results suggest that roots mediate resistance to R. 36 solanacearum through genome-wide transcriptomic changes that result in strong activation of 37 defense genes and alteration of auxin pathways. 38 39 40 41 42 43 44 45 46 113 (Denance et al. 2012) and the base of stems (Ranocha et al. 2013), and the gene was recently 114 6
INTRODUCTION 47
The soilborne betaproteobacterium Ralstonia solanacearum is the causal agent of 48 bacterial wilt and has been ranked as one of the top 10 most destructive plant bacterial pathogens ( Fig. 2) . We did not identify any significant DEGs whose expression was upregulated in roots of 184 resistant H7996 and simultaneously downregulated in susceptible WV (or vice versa) at either 185 time point. 186 We used Gene Ontology (GO) analysis to understand what biological processes were 187 affected within roots of resistant H7996 and susceptible WV plants after inoculation. GO 188 analysis using PANTHER (Huaiyu et al. 2016) showed that in susceptible WV at 24 hpi, only 189 seven GO terms for biological process are overrepresented (P < 0.05) among the 427 genes 190 upregulated ( Supplementary Table S5 ). These include 'response to stress' (GO:0006950; P = 191 9.76 x 10 -3 ) and 'response to stimulus' (GO:0050896; P = 2 x 10 -2 ). In contrast, at 24 hpi in roots 192 of the resistant H7996, 27 biological process GO terms were overrepresented in the 957 193 upregulated genes ( Fig. 3 shows a subset of overrepresented GO categories, all overrepresented 194 GO categories for all comparisons are in Supplementary Table S5 ). These included 'reactive 195 oxygen species metabolic process' (GO:0072593; P = 6.3 x 10 -6 ) and 'cellular detoxification' 196 (GO:1990748; P = 8.7 x 10 -6 ). Not unexpectedly, the GO category 'defense responses' (GO: 197 0006952; P = 2.45 x 10 -5 ) was identified in upregulated genes in roots of the resistant plant at 24 198 hpi ( Fig. 3 ), but was not present in upregulated genes of susceptible roots at this time point. 199 Twenty-five biological process GO terms are overrepresented in the 545 downregulated 200 genes at 24 hpi in susceptible WV roots, including 'plant-type cell wall organization or 201 biogenesis' (GO:0071669; P = 2.38 x 10 -2 ), 'reactive oxygen species metabolic process' 202 (GO:0072593; P = 3.34 x 10 -3 ), and 'cellular detoxification' (GO:1990748; P = 1.69 x 10 -4 ) (Fig. 203 4 and Supplementary Table S5 ). Notably, and as stated above, the latter two GO categories were 204 both overrepresented in upregulated genes in resistant roots at this time point. GO 205 overrepresentation in downregulated H7996 genes at 24 hpi included 'regulation of jasmonic 206 acid (JA) mediated signaling pathway' (GO:2000022; P = 1.26 x 10 -6 ) ( Fig. 4) , consistent with 207 the downregulation of JA responses in resistant plants after infection with some biotrophic 208 pathogens (Spoel et al. 2003; Glazebrook 2005; Spoel et al. 2007; Koornneef et al. 2008; 209 Koornneef and Pieterse 2008). 210 Many of the same trends in GO terms were observed at 48 hpi as at 24 hpi in each 211 genotype. For example, 'Reactive oxygen species metabolic process' and 'cellular 212 detoxification' categories were still overrepresented in upregulated genes in the resistant H7996 213 root at 48 hpi ( Fig. 3) (P = 5.41 x 10 -5 and P = 3.47 x 10 -4 , respectively), but were not 214 overrepresented in upregulated genes of the susceptible WV root at either time point ( Fig. 3) . 215 The GO category 'defense response' continued to be overrepresented in upregulated genes of the 216 resistant H7996 root at 48 hpi (P = 2.98 x 10 -15 ) ( Fig. 3) . While the 'defense response' category 217 was not overrepresented at 24 hpi in the root of susceptible WV, it was identified at 48 hpi (P = 218 4.27 x 10 -20 ) in upregulated genes of the susceptible WV root (Fig. 3) . In downregulated genes, 219 'Cell wall organization or biogenesis (GO:0071554)' was overrepresented in susceptible roots at 220 48 hpi (P = 1.46 x 10 -4 ) (see Supplementary Table S5 ), while 'JA mediated signaling pathway' 221 continued to be overrepresented in the resistant H7996 plant at 48 hpi (P = 3.78 x 10 -3 ) ( Fig. 4 ). 223 Our GO analysis of genes up and downregulated at each time point showed that roots of 224 resistant plants activated genes enriched for immune GO categories (such as 'response to biotic 225 stimulus', response to oxidative stress', 'defense response', and response to stimulus) earlier in 226 the resistant H7996 root than in the susceptible WV root ( Fig. 3 and 4 ).
222

Defense gene activation occurs earlier and is stronger in roots of resistant tomato plants
227
To examine this more carefully, we next focused on the expression of specific defense 228 marker genes in classic defense hormone pathways. We examined genes previously used as 229 markers for defense responses in resistant H7996 (Milling et al. 2011) . The ethylene (ET) marker 230 gene PR-1b was upregulated only in the resistant H7996 genotype, while Osmotin was activated 231 earlier and with a higher fold change compared to 0 hpi in H7996 compared to WV (Fig. 5a ). SA 232 marker genes were similarly regulated, with PR-1a being exclusively activated in H7996 at 48 233 hpi, and Glu-A was activated more strongly in H7996 compared to susceptible WV at both 24 234 and 48 hpi.
235
Consistent with JA -SA antagonism (Robert-Seilaniantz et al. 2011; Derksen et al. 236 2013), and our GO analysis above, marker genes for JA defense responses were repressed in 237 both resistant H7996 and susceptible WV, but showed greater fold change repression in roots of 238 the resistant H7996 plants. ALLENE OXIDE SYNTHASE (AOS) and LIPOXYGENASE (LoxA) 239 were both downregulated in resistant H7996 after both time points, LoxA was also 240 downregulated in WV (Fig. 5a ). This corresponded to the GO enrichment analysis that showed 241 that regulation of JA mediated signaling was overrepresented in downregulated genes only for 242 resistant H7996 ( Fig. 4 ). Together, these results reveal activation of SA-and ET-dependent 243 defense pathways earlier in roots of the resistant plant H7996, as well as an earlier deactivation 244 of JA-dependent defense signaling in resistant H7996.
245
In addition to these classic defense pathways, we observed strong upregulation of terpene 246 synthases in resistant tomato roots ( Fig. 5b ). Terpenoids are a large class of compounds 247 composed of five carbon isoprene units, and are building blocks of some plant hormones and of 248 specialized secondary metabolites (Falara et al. 2011 ). Tomato has 44 terpene synthase (TPS) 249 genes, of which 29 are functional and are divided into 5 clades (Falara et al. 2011) . In roots of 250 resistant plants, five TPS genes in the alpha clade, which encode sesquiterpene synthases 251 (TPS28, 31, 32, 33, 35) , a TPS-like gene, and a linadool/nerolidol synthase (TPS39) are strongly 252 upregulated at 24 hpi and 48 hpi ( Fig. 5b) . In contrast, only one sesquiterpene synthase, TPS28, 253 and the linadool/nerolidol TPS39 are upregulated in susceptible roots at 48 hpi ( Fig. 5b ).
254
Terpenoids act as antimicrobial or anti-insect compounds, and the strong upregulation observed 255 in roots of resistant plants may contribute to resistance.
256
Roots of susceptible tomato plants downregulate genes required for organ growth at 48 hpi 257
To have a better understanding of the response within roots of each genotype, we focused 258 on genes that were exclusively responsive within each time point in each genotype (i.e. genes 259 that were activated or repressed only within H7996 or WV at each time point, boxed numbers in 260 Fig. 2b and c). All nine GO terms that overlapped among exclusive genes in WV and H7996 261 were related to defense and detoxification ( Supplementary Fig. S2 ). Consistent with earlier and 262 larger fold change defense responses in the resistant H7996 root, all but one of these categories 263 were found both in genes upregulated in the resistant H7996 root at 24 hpi and genes 264 downregulated in the susceptible WV root at 24 hpi ( Supplementary Fig. S2 ).
265
Analysis of the 808 genes exclusively downregulated at 48 hpi in susceptible WV roots 266 revealed several GO categories with known roles in root growth. These included GO categories identified within differentially expressed genes in the resistant H7996 root (Fig. 6 ).
280
These data suggested that roots of susceptible plants slow growth after infection. To test 281 this, we quantified root growth of H7996 and WV at 10 dpi. Plants were removed from pots, and 282 the root systems were gently washed with water to remove soil. Cleaned roots were scanned and 283 surface area quantified using a WinRHIZO root scanning and quantification system (Arsenault et 284 al. 1995) . We find that roots of WV have significantly decreased surface area after inoculation 285 compared to mock-inoculated controls (Fig. 7) . In contrast, R. solanacearum inoculated roots of 286 resistant H7996 have no difference in surface area compared to mock-inoculated resistant roots 287 ( Fig. 7) . The differential root growth response to R. solanacearum between resistant and 288 susceptible accessions is consistent with the transcriptional changes that we observed.
289
Consistent with the hypothesis that the susceptible WV root, responds to R. 290 solanacearum with growth suppression, far fewer GO categories were overrepresented in the set 291 of exclusively upregulated genes in WV roots at 48 hpi ( Supplementary Table S4 ). Three GO 292 categories were identified among the 594 number of genes exclusively upregulated in WV, 293 compared to 72 categories identified among the 808 downregulated genes. Among the three GO 294 categories overrepresented in the exclusively upregulated genes in WV at 48 hpi was 'defense 295 response' (GO: 0006952; P = 1.01 x 10 -4 ) ( Supplementary Table S5 ). Together these results 296 show that although roots of the susceptible WV plant do eventually activate defense responses, 297 they are also initiating processes that limit root growth.
298
Auxin response pathways are altered in roots of resistant plants 299 GO analysis of genes that were exclusively expressed in roots of the resistant variety 300 H7996 at each time point revealed that the categories 'auxin-activated signaling pathway' 301 (GO:0009734; P = 4.3 x 10 -2 ) and 'cellular response to auxin stimulus' (GO: 0071365, P = 4.3 x 302 10 -2 ) were overrepresented in genes exclusively downregulated in the resistant H7996 at 48 hpi 303 ( Fig. 8 ).
304
Examination of the eight genes within these categories identified three genes encoding 
313
The tomato auxin transport mutant diageotropica (dgt) is resistant to R. solanacearum 314 One of the genes within the auxin response GO category above was Solyc10g080880, 315 which encodes a PIN auxin efflux transporter known as SISTER OF PIN1b (SlSoPIN1b). PIN . Root inoculation of the dgt1-1 mutant and its susceptible wild 325 type parent, Ailsa Craig (AC), showed that dgt1-1 was highly resistant to R. solanacearum 326 compared to the wild type parent ( Fig. 9 ). Three independent biological replicates revealed that 327 mutant plants had consistently less than 10% wilting at 12 dpi. In contrast, the wild type parent 328 had almost 80% wilting at the same time point.
329
The increased resistance of dgt1-1 is not due solely to alterations in root architecture 330 The dgt1-1 mutant has been previously described as lacking lateral roots (Muday et al. mix revealed that the mutant does produce lateral roots in these conditions ( Fig. 10B, arrows) , 337 although roots of dgt1-1 were still significantly smaller compared to the wild-type parent AC 338 ( Fig. 10 ).
339
To examine whether the altered root structure was the underlying basis for the increased 340 resistance, we used petiole inoculation of R. solanacearum in the dgt1-1 and AC mutant. This method bypasses the root system by directly injecting bacteria into the petiole vasculature (Tans-342 Kersten et al. 2001; Dalsing and Allen 2014) . If decreased lateral root emergence in the dgt1-1 343 mutant were the primary reason for resistance, we would expect that the dgt1-1 mutant would 344 show an increased susceptibility using this method. Using petiole inoculation, the dgt1-1 mutant 345 did not wilt by 12 dpi, compared to approximately 90% wilting in the wild type AC control ( Fig.   346 11). Together, these results suggest that the enhanced resistance to R. solanacearum in the dgt1-1 347 mutant is due to modulation of auxin transport.
348
DISCUSSION
349
In this manuscript we show that infection with the soilborne pathogen R. solanacearum 350 leads to a strong defense response in tomato roots that includes alteration of auxin pathways.
351
Analysis of a tomato mutant with defective auxin transport confirmed a role for auxin pathways 352 in resistance. Susceptible tomato roots are stunted at 6 dpi, and consistent with this, we find 353 significant suppression of genes required for growth and cellular homeostasis at 24 and 48 hpi. partially overlap with those in the shoot, but also have unique responses to pathogen attack. 373 We observed a strong upregulation of terpene synthase genes specifically in roots of expression of four TPS genes (TPS31, TPS32, TPS33, and TPS35) that were highly upregulated 378 in our dataset. They found that more silenced plants were colonized by R. solanacearum in the 379 stem, suggesting that TPS silenced lines had decreased tolerance to R. solanacearum. These data 380 suggest that upregulation of TPS genes may contribute to resistance in tomato and ginger.
381
However, this does not appear to be a mechanism used in all crops, as in peanut, terpenoid 
434
One possibility is that resistance is due to antagonism between auxin and SA. Alternatively, like 435 wat1 and other Arabidopsis mutants, dgt may have altered secondary cell wall structure that 436 enhances resistance, or may be altered in another auxin-related process that results in enhanced 437 resistance.
438
Understanding mechanisms of root-mediated resistance is an important step in 439 developing crops with resistance to soilborne pathogens. Like many other bacterial pathogens, R. The dgt1-1 mutant has been previously reported (Oh et al. 2006 ), and we confirmed that the 451 mutation was present by sequencing the gene. Growth and inoculation of R. solanacearum was were transferred into a 50 ml Falcon tube containing 45 ml of sterilized distilled water, and 473 further cleaned to remove residual soil by shaking the Falcon tube for 1 minute. This wash was 474 repeated 5 times. Water from cleaned roots was removed with a dried paper towel and roots were 475 weighed. Washed, cleaned roots were surface sterilized by dipping in 100% ethanol for 30 476 seconds, and then flamed quickly to remove residual ethanol. Each surface sterilized root was 477 ground in 1 ml ddH 2 O with a mortar and pestle, the lysate was centrifuged briefly, and the supernatant was used to determine R. solanacearum K60 titer with serial dilutions in ddH 2 O. 100 479 µl of diluent was plated on CPG plates containing 1% TZC and incubated at 28°C for 48 hours.
480
Colonies were counted and R. solanacearum K60 titer was determined as CFU/g of tissue.
481
Colonization assays were performed in three independent experiments with three plants per Supplementary Table S1 ).
502
Reads for each of the 18 samples were aligned by the Purdue Genomics Facility to the ITAG2.4 503 S. lycopersicum reference genome using Tophat2 version 2.0.14 (Trapnell et al. 2009 ). Library 504 type was set to strand-specific (first strand), mate inner distribution to 300, and mate standard 505 deviation to 150. Gene expression was measured as the total number of reads for each sample 506 that uniquely mapped to the reference, binned by gene. Each sample averaged about 54 million 507 high quality, uniquely aligned reads ( Supplementary Table S1 ). After filtering for low counts 508 such that at least 3 of the 18 samples had at least 3 counts per million (CPM) per row, a total of 509 20,641 genes remained for differential expression analysis. Differential gene expression analysis Supplementary Table S2 . Differentially expressed genes were identified using the glm (General Figure S3 ). Table 4 ). The Supplementary Table S5 .
544
Root architecture measurements 545 Roots were harvested from mock and R. solanacearum -inoculated plants at 6 dpi (AC 546 and dgt1-1) or 10 dpi (WV and H7996). Whole root systems were washed gently in water and 547 scanned with a calibrated color optical scanner from Regent Instruments, Inc (Quebec, Canada) 548 and measured using software in the WinRHIZO V. 2016a system (Regent Instruments Inc, 549 Quebec, Canada) (Arsenault et al. 1995) . Data were analyzed with a two-way ANOVA followed 550 by post-hoc Tukey's honest significant differences (HSD) test using RStudio version 0.99.484.
551
No transformations were necessary to meet the homogeneity of variance and normality 552 assumptions. Two independent biological replicates with at least six plants per treatment and 553 genotype were performed for AC and dgt1-1. Three independent biological replicates with at 554 least 5 roots per treatment and genotype were performed for WV and H7996. Representative Ghareeb, H., Bozso, Z., Ott, P.G., Repenning, C., Stahl, F., and Wydra, K. 2011. Transcriptome 618 of silicon-induced resistance against Ralstonia solanaceaerum in the silicon non-Saeed, A.I., Bhagabati, N.K., Braisted, J.C., Liang, W., Sharov, V., Howe, E.A., Li, J., 749 Thiagarajan, M., White, J.A., and Quackenbush, J. 2006. TM4 microarray software suite. Saeed, A.I., Sharov, V., White, J., Li, J., Liang, W., Bhagabati, N., Braisted, J., Klapa, M., Supplementary Table S5 ). WV 24 = 24 -0 hpi 852 comparison, WV 48 = 48 -0 hpi comparison etc. No GO categories with less than 600 total 853 genes are overrepresented in WV_24 upregulated genes. Supplementary Table S5 ). WV 24 = 24 -0 hpi 857 comparison, WV 48 = 48 -0 hpi comparison etc. shown in Supplementary Fig. 2 and are not shown here. 878 Fig. 9 The dgt1-1 mutant shows enhanced resistance to R. solanacearum compared to its wild Supplementary Table S5 ). WV 24 = 24 -0 hpi comparison, WV 48 = 48 -0 hpi comparison etc. No GO categories with less than 600 total genes are overrepresented in WV_24 upregulated genes. Supplementary Table S5 ). WV 24 = 24 -0 hpi comparison, WV 48 = 48 -0 hpi comparison etc. The dgt1-1 mutant shows enhanced resistance to R. solanacearum compared to its wild type susceptible parent AC with petiole inoculation. Wilting was scored daily based on the percentage of leaves wilted per plant. The experiment was repeated three times with 3 -9 plants of each genotype per experiment. The average of three experiments is shown. The average Area Under the Disease Progress Curve (AUDPC) for AC = 401.6 ± 154.8; average AUDPC for dgt1-1 = 0 ± 0 (P < 0.01; twotailed t-test with unequal variance). Error bars represent standard deviation.
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